Small and separate pieces of the complete picture are painstakingly collected over the years and their proper placement in the overall mosaic attempted.
However, as the knowledge and understanding of various parts pro gresses, at a certain stage the cumulative insight gained becomes sufficient to contemplate the overall mosaic.
The development of the Power Electronics field has matured and progressed to the point where the visualization of such general concepts has now become a reality.
The establishment of such GENERAL LAM and CONCEPTS is in any field a very difficult task, which is often hindered by the lack of knowledge of some important links, and Power Electronics is no exception.
However, some recent results have provided a key to such a generalization process. In particular, the discovery of the new optimum topology (Cuk) switching dc-to-dc converter [7] , has for the FIRST TIME, uncovered the existence of a new class of switching converters based on CAPACITIVE, energy transfer, as opposed to the usual INDUCTIVE, energy transfer. This has brought attention to the DUAL nature of the two energy transfer mechanisms and the dual nature of the switching mechanism topologies [2, 3] , When the constant current source is included as an alterna tive converter input source, the last remaining missing link is discovered and DUALITY between complete converter topologies is established as a general law as postulated in Fig. 1 (a & b) . As seen in Fig. 1 
, the switching converters indeed consist of dual component inductors and capacitors, open and closed switches, input voltage and current
switching dc-to-dc converters sources (although the latter one has been largely neglected in the past), load resistance and load conductance. The dual nature of converter topolo gies has been until now largely obscured by complex switching mechanisms and inductive energy transfer only.
After a brief review of properties of dual networks and an algorithm for their construction in Section 2, the duality among the four basic switching converter types is established in Section 3.
An extension of the duality to switching converters which contain transformers is presented in Section 4, and a special switching configuration ^invoJiMint under the duality transformation is un covered .
Once the duality is established as the firm topological correlation, a number of new results a4re easily deduced in Sections 5 and 6 by use of the powerful duality principle.
In Section 5, the usual criteria for determination of dc conditions, the so called volt-sec balance on inductors, is complemented by an equally important amp-sec (charge balance) criterion for the converters based on the capacitive energy transfer. The duality is furthermore extended to include both dc (steadystate) as well as dynamic (ac small-signal) proper ties through use of the equivalent circuit approach of modelling switching converters.
The duality principle leads in Section 6 to the discovery of a new mode of switching converter operation. Quantitative results are obtained for this new mode of operation for both dc (steadystate) and (ac) dynamic performance very easily by direct use of duality principle.
Some interesting correlations which exist among the duality and two other topological proper ties-the inversion and the symmetry are explored in Section 7.
Finally, in Section 8 the duality concept is extended to switching regulators.
REVIEW OF DUAL GRAPHS AND NETWORKS
The following is a concise summary of the properties of dual graphs and networks, which is sufficient for understanding the subsequent deri vations in the following sections. More detailed expositions of duality theory as applied to graphs and electric networks can be found in many standard textbooks such as [8, 9] . Duality theory is generally limited to the special class of graphs called pZanaA graphs. A graph G is said to be a planar graph if it can be drawn oS a plane in such a way that no two branches intersect at a point which is not a node. Review section the star nBtation (*) is used to designate the dual graphs, networks and dual com ponents to facilitate easier recognition of duality relationships. However, in the remaining sections it will be left out, since the recognition of dual components will by then be mastered.
Two planar graphs G and G* are dual gKapht* if: a) there is a one-to-one correspondence between the meshes^of G (including the outer mesh) and the nodes of G, and vice versa, and b) there is a one-to-one correspondence between the branches of each graph, such that whenever two meshes of one graph have a branch in common, the corresponding nodes of the other graph have the corresponding branch connecting these nodes.
For example, the graphs G and G of Fig. 3a are dual graphs, since the above correspondence can be easily established.
For two electrical networks Ν and Ν to become dual, some additional properties are required. In addition to the graph concepts (meshes correspond ing to nodes), the relationships between the dual Therefore, a resistance of R ohms in the original network becomes resistance of 1/R ohms in the dual network. Similarly^rom the inductor of L (uH) becomes a capacitor of C (uF) and vice versa as seen from the example in Fig. 3b . Also, the current source of I (Amperes) corresponds to a voltage source of V (Vo$ts) in the dual net work. In summary, the following dual substitutions are in order:
Let us now see how for a given planar graph or planar network the dual can be constructed.
Algorithm for Dual Graph and Dual Network Construction
The dual graph G of a planar graph G can be obtained if: a) to each mesh gf graph G, we associate a corres ponding node of G , by placing it inside the mesh. Finally, an additional node is placed outside of graph G (in its exterior) which corresponds to the outer mesh of graph G; b) for each branch, say b, of G whic^ is cgmmon to mesh i and j, we associate a^branch b of G which is connecting the nodes of G corresponding to meshes i and j of G.
a) graphs b) networks

Tig. 4 Algorithm {or dual graph and dual network construction
This construction is transparent from Fig. 4a which is also an example of oriented graphs. The mere construction of a dual network fol lowing this algorithm would have remained just an interesting and elegant topological correlation, had it not been intimately tied with a truly re markable general law of nature-the duality prin ciple. In its abbreviated form limited to the rela tionship of its electrical parameters which will be very often used later, it can be stated in the form of the equivalence relation: S (j,v,q,<f>,L,C,Z) j S* (v*,j*,<i> 5 \q*,C*,L*,Y*) (3)
Duality Principle
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DUALITY IN SWITCHING DOTO-DC CONVERTERS
As also anticipated in the Introduction and illustrated in Fig. 1 , in order fully to develop the duality relationships, the notion of a switch ing dc-to-dc cuhAZnX. converter needs to be intro duced first and its meaning clarified.
In other words a constant cWViZYit input source is postulated in addition to the usual constant voltage source.
Here the current gain is independent of load R as in (6) Fig. 5a , or constant current source as in Fig. 5b . In either case, the inductance L is for simplicity large enough to result in prac tically dc current I at the output, with neglig ible switching ripple. Although the practical realization of the switching current converter is of no concern here, it may suffice to say that the constant current source I may be voltage limited to prevent excessive rise^of the voltage on the input capacitance C (for S at position Β only). It is also assumed that ideal switch S is in position A for interval DT and in position Β for interval D'T = (l-D)T , wßere D is the switch duty ratio and Tg the switching period.
Tig. 5 CompaÂÂAon o£ a 6uiitcnlng voltage, la) and a bitching cuhA&nt convoM.OA lb) W e n o w c o n c e n t r a t e o n t h e p r i n c i p a l f e a t u r e s o f t h e t w o c o n v e r t e r s i n F i g . It should be also noted that in the two dual networks, the positions A are the corresponding homologous switch positions. Note also that for the buck current converter only minimal configur ation was chosen, and the usual output capacitance left out as not essential, as seen in Fig. 6a . However, the inductor L is essential and leads in the dual network to capacitor C which is likewise essential for boost voltage converter operation as in Fig. 6d .
By invoking the powerful duality principle (3) we can obtain directly the dc voltage gain of the boost converter from the dc current gain (6) of its dual buck converter as I_ fl -* V I I V gig g (8) if the duty ratio of switch S in Fig. 6d is referred to the corresponding position A. However, owing to practical realization of that switch by a bipolar transistor and diode, it is usually referred to position Β (on time of the transistor). Thus with the duty ratio defined with respect to Β in Fig. 6d , we get
PHP
which is the familiar dc gain of the boost con verter. This is a first example which illustrates the powerful duality principle, and how the property of a dual network (here voltage gain), can be determined directly from the dual property of the original network (here current gain).
One is now immediately inspired to find dual switching converters to all known switching structures. Once equipped with this powerful tool and method to generate dual switching structures, two goals may be achieved at the same time: a) the known switching converters can be corre lated by a strong bond via duality correlation, and their comparative performance much better understood.
In fact, later in Section 6 it will be shown how some new phenomena can be uncovered in existing converters based on the established duality relationships. b) neiv, at present unknown switching configur ations may be discovered, completing the set of all possible switching configurations. In fact, it is this duality of energy transferring mechanism which has prompted the search for the complete duality of two switching converter topologies and subsequently has led to the estab lishment of duality as a general concept for a wide class of switching converters. 
This also be.com es an important
Duality in Derived Switching Converters
Following either of the two approaches it is easily shown that the cascade connection of the boost converter followed by the buck (Fig. lib) is really a dual switching converter to the cascade connection of the buck converter followed by the boost converter (Fig. 11a) . In fact, the reduction of the switches in the converter of The duality trans {ormation ο { any viable switching dc-to-dc converter topology results In an equally viable dc-to-dc converter topology.
This must be so, since from the duality principle, the dc current conversion is trans formed into a dc voltage conversion, hence the dc conversion property is conserved.
From the topological viewpoint any capacitance effectively in parallel is transformed into an effective series inductance and vice versa, hence the low-pass filter nature of the effective filtering is preserved.
Although the duality relationships are shown to be applicable to a relatively wide class of switching structures as exemplified by Fig. 1 , they still do not include the transformers owing to the lack of the corresponding dual components.
Let us now see how duality can be extended to circumvent this problem and still be useful in deriving new configurations from the converters containing transformers.
EXTENSION OF DUALITY TO SWITCHING CONVERTERS WITH TRANSFORMERS
In many practical applications dc isolation between the input source and output load side is required, hence the importance of encompassing this class of converters into a more general and unified theory, such as the duality theory devel oped in the previous section. As an example, consider the converter of Fig. 12a introduced in [5] and known as SEPIC (Single Ended Primary Inductance Converter), whose transformer provides the isolation between input and output sides. The difficulty in applying the duality transformation to this structure lies in the fact that there is no proper dual component corresponding to an ac transformer. However, still some hidden avenues remain open for the application of the duality transformation.
L J
VuaLity t/ιαηλ {pnmoubion in miZoKina conveJiXoAA utiXk fruinA {pnmoAA-SEVÏC conveAteA example.
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L e w u s n o w t a k e a n o t h e r e x a m p l e o f t h e s w i t c h i n g c o n v e r t e r c o n t a i n i n g t h e t r a n s f o r m e r , w h i c h i s h o w e v e r n o t u s e d t o p r o v i d e t h e i s o l a t i o n , b u t r a t h e r t o a c h i e v e s o m e o t h e r b e n e f i t s .
N a m e l y , r e c e n t l y a n e w g e n e r a l t e c h n i (Fig. 16b) owing to the loss of one degree of freedom-the turns ratio. The current ripples in Fig. 16b at input and output then divide inversely to their source and load impedances at the switching frequency.
Since the load can often have a significant capacitive part, it could result in a relatively uncontrolled current ripple division between the input and output side. This (Fig. 16) and some other practical aspects of the coupledinductor implementation, which do not require turns ratio adjustment, are dealt with in detail in [14] .
The converter in Fig. 16b is now in a form directly applicable for duality transformation, which follows along the same lines as before (Fig.  17) . However, from throughout the whole switching internal. Thus points A and Β can be connected (dotted line in Fig. 18b ) to yield a single-inductor Cuk converter (Fig. 18c) with effective inductance L g = L^|[ΐ^· This is an interesting result, since an earlier investigation [16] concluded that the discontin uous inductor current mode in the basic converter (Fig. 18b) is determined by the sum of input and output currents (i^ + i^) going to zero and is governed by the dimensionless parameter
The physical e es e 1 2 explanation of such a result becomes now espe cially transparent in Fig. 18c . From its gener ation, either as in Fig. 16 or in Fig. 18 (Fig. 8b) , which is in sharp contrast with the corresponding pulsating currents in the conventional buck-boost converters (Fig. 15) .
Although the special cases are important in themselves, it should be emphasized that the coupled-inductor Cuk converter is the most general case which, except for the dc isolated version (Fig. 13) , encompasses all other special cases: a) for zero coupling coefficient (k = 0) it reduces to the basic Cuk converter (Fig. 8a) , which in turn can be reduced to a singleinductor Cuk converter b) for perfect-transformer model (coupled-induc tors) and 1:1 turns ratio it reduces also to a single-inductor Cuk converter.
These special cases are easy to see and follow directly from the general result in a straight forward way. The opposite approach to arrive at the general result from these special cases is a tremendously more difficult process, which usually calls for a key quantum jump, which suddenly puts everything nicely together. Here that key step is the coupling of inductors [11] , which allows remaining correlations to be easily established via a deductive approach. However, any attempt to directly include this most general case of coupling the inductors into the duality theory is at present unsuccessful. Namely, to extend the duality with the buck-boost converters (Fig. 7) and include the magnetic field coupling of inductors in the Cuk converter (Fig. 7d) would require a corresponding dual electric field coupling of the input and output capacitors in the buck-boost converter (Fig. 7a) , which is at the present level of duality theory deemed not feasible, and in fact exposes some of its shortcomings. This is, indeed, unfortunate since the method of coupling the inductors is a truly general concept.
It can be applied with similar success (zero ripple feature)to a number of other known switching converter con figurations [ However, even though the coupled-inductor Cuk converter can not be directly correlated via duality with the corresponding dual buck-boost converter, a different topological correlation still can be made, which further emphasizes the importance of the optimum interconnection topology.
It has already been observed (see Fig. 22 in [11] ) that the coupled-inductor Cuk converter can be obtained from the conventional buck-boost by change of position of only one component-the output capacitance, and substituting it for the energy transfer capacitance in the coupled-inductor Cuk converter. This view point is again illustrated in Fig. 19 for both transformer-coupled and single-inductor versions of the two converter families. Although in either case it involves the change of position of the same com ponent (capacitance), that change produces a funda mental difference in the performance and operation of the two converter types [11] . In its dotted line position in Fig. 19 , the capacitance effectively takes part in energy (and power) transfer, helping to smooth out the energy transfer from input to output, while in the conventional buck-boost (heavy line in Fig. 19) Fig. 19 if the role of capacitance in the dotted line position is not understood properly. An oversimplified argument which can easily lead to misinterpretation of its operation is to regard the Cuk converters in Fig.  19 as obtained from the conventional buck-boost converter by addition of an extra capacitance between the input and output ports. Suppose that the buck-boost was in a black box and capacitance added externally between the input and output ports. The logical consequence is that the extra capacitance would charge to the potential differ ence between the input and output dc voltages of the original buck-boost converter and then cease conducting current (no current in capacitance any more).
However, in the Cuk converter this does not happen since the capacitance is now an inte gral part of the switching process and in fact it is the original energy transfer capacitance of the basic Cuk converter. Hence, it will alternately charge from the input source (inteval D f T ) and discharge to the load (interval DT ), thus result ing in a large rectangular current ripple in the capacitor (see Fig. 20 and discussion of charge balance criteria in Section 5). This once again demonstrates that the placement of the capacitance in the dotted line position in Fig. 19 leads to a fundamental change of operation and is in fact a crucial difference between the two types of converters.
Charge Balance as a Dual to Field Balance
Let us first recall a simple method for steady-state (dc conditions) determination in the buck-boost converter (Fig. 20a) . 21a . Note that the duty ratio dependent sources can be inter changed in Fig. 21c to result in the same input structure as in Fig. 21a. Finally, the original  π low-pass filter structure (Fig. 21a) , has been transformed into a Τ low-pass filter structure (Fig. 21d ). An interesting result is therefore obtained.
The dual network of the canonical circuit model is the network of the same fixed topological form, namely duty ratio dependent generators (control), followed by a transformer (basic dc-todc conversion) and loaded by an effective low-pass filter structure. Thus, the canonical circuit model for continuous conduction mode has the special form which is invariant (having the same qualitative structure) under the duality trans formation. However, this should have been expected, since based on previous results {17, 18 
6.
DISCONTINUOUS CONDUCTION MODE AND DUALITY
When the ideal switch in the buck-boost con verter (Fig. 22a) is implemented by a bipolar  transistor, The answer is affirmative and comes as a direct consequence of the application of duality principle.
A New Discontinuous Capacitance Voltage Mode of Switching Converter Operation
To get better understanding of this new mode of converter operation let us first briefly review with the help of Fig. 23a the discontinuous inductor current mode of operation in the buckboost converter. For simplicity we assume that C^ and Cj are sufficiently large to result in essentially dc voltages V.. and V2· Consider now its operation when the inductance value is grad ually decreased.
For a sufficiently small induc tance value, the inductor current reduces to zero (i = 0) even before the end of second interval D'T . Since inductor current was originally keep ing the diode on, the diode turns off and a third switched network is obtained for interval D^T for which both transistor and diode are off (see Fig.  23a ). This is in addition to the two switched networks (Fig. 7b) appearing in the continuous conduction mode (transistor on^diode off and vice versa).
Consider now the analogous situation in the converter of Fig. 23b . Again, for simplicity of discussion, the two inductances L. and L2 are assumed large enough to effectively result in practically dc currents 1^ and 1^.
Suppose that we are now reducing the size of the energy trans ferring capacitance C. For a sufficiently small capacitance value, the capacitance is fully dis charged even before the first switched interval uction mode (dynamic) Fig.  23b) . This is in addition to the two switched networks appearing in its continuous conduction mode (Fig. 7c) Fig. 7) . Therefore, an important conclusion can be made: duality relationship in switching converters can be extended to even include their discontin uous conduction mode of operation.
This result becomes even more transparent if the discontinuous conduction mode is considered as an appropriate restriction on some internal vari ables (inductor currents and capacitor voltages) which are in turn consequences of the unidirection al properties of the switch implementations. It is, therefore, now apparent that the terms sometimes used to designate the continuous con duction mode as a "heavy" mode (due to heavy loading, high current, small resistance R) and discontinuous conduction mode as a "light" mode (light loading, small average current, high resistance R) became completely inapphophlate,, vhen this new phenomenon of discontinuous capaci tance voltage mode is considered. It is, then, suggested that the terms "discontinuous inductor current" (DIC) mode and "discontinuous capacitance voltage" (DCV) mode be used, since they define the primary causes of such behaviour, rather than by describing them through only one of the means of arriving at them (change of load R), and neglecting other equally important parameters L, C and fg.
It should be emphasized that this qualitatively new feature of discontinuous capacitance voltage mode is also present in the single-inductor Cuk converter (Fig. 18b or 19b) , since that special case also retains the original capacitive energy transfer feature of the Cuk converter. Furthermore, all the above quantitative results are equally valid for single-inductor version.
In fact, the duality relationship between two discontinuous conduction modes applies equally well to other converters with more than a single switch, such as for example, ones shown in Fig. 24 . became a "series" topology of Fig. 25b , hence a fundamental structural change is made. However, the duality relationships allow now that even the ac small signal properties of one converter be completely deduced from the corresponding proper ties of its dual converter in their respective discontinuous conduction modes.
DUALITY, INVERSION AND SYMMETRY PROPERTIES
In addition to the duality which is now firmly established as one of the fundamental and most gen eral properties of switching converter structures, there are several other topological properties of particular interest. We will consider here only two-Inversion and symmetry. (Fig. 5a) would result  in a boost voltage converter (Fig. 6d) . Another example using the SEPIC converter (Fig. 12a) The duality trans formation of a symmetrical configuration, however, may lead to the new converter configurations as demonstrated by the duality between the buck-boost and Cuk converter (Fig. 7) . Still in some special cases, such as a single-inductor Cuk converter, duality transformation of a symmetrical configur ation results in the same topology, which is indeed Invariant under the duality transformation.
regulator around the buck-boost current converter (Fig. 27a) there corresponds its dual Switching current regulator (Fig. 27b) If the switching voltage regulator of Fig. 27a is made stable by certain feedback com pensation scheme (shaded box in Fig. 27a) , the dual regulator of Fig. 27b will also become stable, when the dual feedback scheme is employed. In fact, even the complete performance properties (phase margin, audio susceptibility or line rejection characteristic etc.) may be concluded on the basis of the known properties of its dual regulator.
CONCLUSION
Duality and duality relationships have been recognized and used to great advantages in many different fields: in abstract algebra and graph theory, in optimization problems (minimization of linear or nonlinear function of several variables subject to equality or even inequality constraints), just to name a few. However, in the Power Elec tronics field, which is perhaps the most natural ground for its application, the potential of the powerful duality concept has not been recognized in the past and duality was completely neglected. This is now corrected by establishing the duality of electric networks as the most general and fun damental correlation among the switching topologies in the Power Electronics field.
On the particular example of switching dc-todc converters, the duality is first established among the four basic switching converter configur ations and then easily extended to a number of their derivatives or special cases. Several other examples are included, with no attempt for com pleteness. In fact, it is expected that the out lined general deductive path will be instrumental in discovering other as yet unknown converter topologies by the application of duality trans formation to the existing converter configurations. For example, from the family of current-fed converters the family of voltage-fed converters could be obtained, and duality applied to more complicated and complex switching structures. It is demonstrated that the duality concept is applicable not only to the steady-state (dc) properties of switching converters, but to their dynamic (ac small signal) properties, through the duality of their equivalent circuit models for both conduction modes. In particular, in the continuous conduction mode, the topological structure invariant under the duality transformation resulted in a fixed topology equivalent circuit model, the so called canonical circuit model, which has been indepen dently obtained earlier [2] . Therefore, the modelling and analysis of switching converters and topological investigations of switching structures are finally unified into a harmonious structure.
It is expected that the concept of duality developed here for switching dc-to-dc converters, can be easily extended to functionally different but still switching structures such as dc-to-dc inverters and/or power amplifiers [22] . it is therefore believed that the duality will be used in the future to generate new, more efficient switching converter, inverter and power amplifier configurations, exhibiting overall improved performance.
